Rhodopsins are the members of the family of G protein-coupled receptors that have diverged from ligand-binding receptors into photoreceptive pigments. Vertebrate rhodopsins are able to bind the inverse agonist 11-cis-retinal but are unable to bind the agonist all-trans-retinal, indicating that vertebrate rhodopsin changed its binding ability during the course of molecular evolution. Here, we show that unlike vertebrate rhodopsin, amphioxus rhodopsin is still able to bind the agonist all-trans-retinal. The opsin of amphioxus rhodopsin can also bind 11-cis-retinal to form a photoreceptive pigment that can convert to a red-shifted photoproduct through cis-trans isomerization of the chromophore upon photon absorption. The red-shifted photoproduct is the stable G protein activating state. Incubation of the opsin with all-trans-retinal produces a G protein activating state that is spectroscopically and biochemically indistinguishable from the red-shifted photoproduct, indicating that the opsin possesses agonist-binding ability. The opsin exhibits an Ϸ50-fold higher affinity for 11-cis-retinal than for all-trans-retinal, and mutational analyses revealed that Trp-265 situated in helix VI is important for the increase in binding affinity to 11-cis-retinal. These properties of amphioxus rhodopsin suggest that an ancestral rhodopsin increased the affinity for 11-cis-retinal by rearrangement of a structure including Trp-265 to act as a photoreceptor. In addition, an additional mechanism was acquired in vertebrate rhodopsin to prevent completely the binding of exogenous all-trans-retinal during molecular evolution.
R
hodopsin is a prototypical G protein-coupled receptor (GPCR) that possesses seven transmembrane ␣-helices (1-3). More than a thousand rhodopsins have already been identified, and they are classified into five subgroups based on sequence similarity (4, 5) . Three of the five groups contain rhodopsins that act as GPCRs. Members of each the three groups are coupled with a distinct G protein subtype, thereby mediating the different phototransduction cascades (5, 6) .
In contrast to the large number of receptors that are activated by the binding of diffusible agonist ligands, rhodopsin is activated by generation of the agonist all-trans-retinal from 11-cisretinal through cis-trans photoisomerization in the protein moiety opsin. Studies of rhodopsin have several advantages over those performed on other GPCRs. Rhodopsin can be synchronously and noninvasively activated by irradiation, and the activation process of rhodopsin can be monitored by various spectroscopies with a chromophore as a native spectroscopic probe. Rhodopsin is therefore suitable for elucidation of the activation mechanism at submolecular or atomic resolutions. Recent success in the determination of the 3D structure of rhodopsin further demonstrates that the rhodopsin system is a model among various GPCR systems (3, 7, 8) .
On the other hand, the active state of vertebrate rhodopsin produced by irradiation exhibits characteristics that are different from those of typical GPCRs. The active state of vertebrate rhodopsin (metaII) is highly unstable and dissociates into alltrans-retinal and opsin (9, 10) . Despite the continuous efforts of many researchers, there have been no reports of successful generation of metaII by incubation of the opsin with exogenous all-trans-retinal (11, 12) , although exogenous all-trans-retinal can form a complex with the opsin (13) and it can enter the retinal binding site when the opsin is mutated (14, 15) . In typical GPCRs, binding of exogenous agonist to the receptor stabilizes the active state (16) (17) (18) . These facts suggest that the agonistbinding state of vertebrate rhodopsin is thermodynamically different from that of the typical GPCR. That is, the enthalpy of the metaII of bovine rhodopsin is higher than that of the retinal unbound state (opsin) (⌬H ϭ 67 kJ͞mol) (19) , whereas the enthalpy of the natural ligand (agonist) bound states of ␤-adrenergic or D2-dopamine receptor is lower than that of the ligand unbound state (⌬H ϭ Ϫ36 to Ϫ70 kJ͞mol) (20) (21) (22) . Therefore, the active state of vertebrate rhodopsin would have a specific conformation distinct from the conformation of typical GPCRs.
As already described, there are various types of rhodopsins that couple with different types of G proteins and that exhibit active states whose characteristics are different from those of the vertebrate rhodopsins (23) (24) (25) (26) . Thus, we have been investigating various rhodopsins with special attention to whether they exhibit characteristics more similar to those of typical GPCRs than those of vertebrate rhodopsins. We found that AmphiOP1 (amphioxus homologue of G o -coupled invertebrate rhodopsin, AmphiRh) (4) showed agonist binding ability. The opsin binds exogenous all-trans-retinal, and the resulting complex is indistinguishable from the active state produced by irradiation of AmphiRh. In other words, this opsin exhibits characteristics similar to those of typical GPCRs, as well as the characteristics of photoreceptive proteins, when it binds 11-cis-retinal. Therefore, AmphiRh could be a good subject for studying the G protein activation mechanism and could be a mediator of studies between bovine rhodopsin and other GPCRs. With the results obtained by mutagenesis studies, we will discuss the mechanism that regulates the binding of 11-cis and all-trans-retinals to rhodopsin and the functional divergence of rhodopsin in the course of molecular evolution.
Materials and Methods
Expression and Purification of Rhodopsin. AmphiRh tagged with the rho 1D4 epitope was expressed in HEK 293S cells as described in refs. 4 and 26. Site-directed mutants were prepared by using the QuikChange kit (Stratagene) according to the manufacturer's instructions. AmphiRh was constituted by mixing opsincontaining membranes with 11-cis-retinal. All procedures were carried out under dim red light at 4°C. The pigment-containing membranes were obtained by sucrose floatation methods (27) .
The pigments were extracted by using 1% n-dodecyl-␤-Dmaltoside (DM) in buffer P (50 mM Hepes, pH 6.5͞140 mM NaCl). The DM-extract was incubated with rho 1D4 antibodyagarose overnight. After washing with buffer A [0.1% DM͞1 mg/ml L-␣-phosphatidylcholine from egg yolk (PC) in buffer P], rhodopsin was eluted with buffer A containing the C-terminal octadecapeptide of bovine rhodopsin. AmphiRh reconstituted with all-trans-retinal was obtained by the same procedure described above with the use of all-trans-retinal instead of 11-cisretinal. The yield of the all-trans-retinal binding form was, however, much lower than that of the 11-cis-retinal binding form, because of low affinity to rho 1D4 antibody-agarose.
Spectrophotometry and HPLC Analysis. Absorption spectra were recorded at 0°C with a Shimadzu MPS-2000 or UV-2400 spectrophotometer. The chromophore configurations of samples were analyzed by HPLC with a Shimadzu LC-7A liquid chromatograph interfaced with a CR-5A recorder as described in refs. 4 and 28.
Competitive Binding of All-Trans and 11-Cis-Retinal. The HEK 293S membranes containing the opsin of AmphiRh were incubated with 5 M all-trans and 0-50 M 11-cis-retinal mixture. After a 4-h incubation at 4°C, the amount of opsin-bound all-transretinal was estimated from the difference spectrum before and after irradiation with Ͼ580 or Ͼ570 nm of light. 35 S]GTP␥S was quantitated by assaying the membrane filter with a liquid scintillation counter. G i activation ability by the active state produced by incubation with exogenous all-transretinal was assayed with crude extract samples instead of the purified samples. Fig. 1a shows absorption spectra of AmphiRh and its photoproducts. AmphiRh was expressed in HEK 293S cells and reconstituted with 11-cis-retinal. The reconstituted AmphiRh was then solubilized and purified with 0.1% DM in the presence of 1 mg͞ml PC by immunoaffinity column chromatography. AmphiRh exhibits an absorption maximum at 485 nm (black curve in Fig. 1a ) and, as expected, contains 11-cis-retinal as its chromophore (Fig. 1b) (4) . Upon irradiation with 501 nm of light, the absorption maximum shifted to 510 nm (green curve in Fig. 1a ), resulting in formation of a photo-steady-state mixture consisting mostly of a red-shifted photoproduct. Cis to trans isomerization of the chromophore occurs in the process (Fig. 1c) . Subsequent irradiation with Ͼ580 nm of light converted the photoproduct back to the original AmphiRh (orange curve in Fig. 1a) , during which the chromophore reisomerized to the 11-cis form (Fig. 1d) . A small amount of pigment containing 9-cis-retinal was also formed by this irradiation (Fig. 1d) . Such a reversible photoreaction is observed in typical invertebrate rhodopsins such as Drosophila and octopus rhodopsin (30) but not in vertebrate rhodopsins whose active photoproduct, metaII, cannot be reverted to the original rhodopsin by subsequent irradiation (31) . The difference spectrum before and after each irradiation (Fig. 1a Inset) is identical in shape to that obtained from the membrane preparation (26) (data not shown), indicating that solubilization and purification had no effect on either the absorption spectra of AmphiRh and its photoproducts or their photoreactions.
Results
We next examined the ability of AmphiRh to activate G protein. As demonstrated previously (26) , the purified AmphiRh can activate G i in a time-dependent manner upon absorption of light, whereas the unirradiated and photoregenerated AmphiRh did not exhibit remarkable activity (Fig. 2a) . These results indicated that the red-shifted photoproduct activates G protein.
To examine the stability of the G protein activating state, we measured the ability of the sample irradiated with 501 nm of light to activate G protein after incubation at 20°C for selected periods (Fig. 2b) . The results show that the ability to activate the G protein was maintained for Ͼ2 h. Reversion of the red-shifted photoproduct to the original AmphiRh by irradiation with Ͼ580 nm of light after the incubation caused a loss of G protein activation ability. Under the same experimental conditions, G i activity of irradiated bovine rhodopsin almost decayed within 90 min (data not shown). These results clearly show that the red-shifted photoproduct of AmphiRh remains in a stable G protein activating state.
During the purification of AmphiRh, we unexpectedly found that the apoprotein of AmphiRh can also bind exogenously added all-trans-retinal to form a pigment that absorbs in the visible spectrum. Fig. 3a shows the spectra recorded after incubation with all-trans-retinal (black curve in Fig. 3a ) and after irradiation with Ͼ580 nm of light (orange curve in Fig. 3a) . It is of note that the difference spectrum calculated before and after irradiation (Fig. 3a Inset) is symmetrical to the difference spectrum of red-shifted photoproduct and AmphiRh ( Fig. 3b  Inset) ; that is, the pigment-bound all-trans-retinal has an absorption spectrum identical to that of the red-shifted photoproduct.
We then examined G protein activation by the pigment formed from exogenous all-trans-retinal. As shown in Fig. 3c , AmphiRh formed from 11-cis-retinal activated G i upon irradiation with 501 nm of light. On the other hand, the pigment formed from all-trans-retinal activated G i without irradiation and was inactivated by irradiation with Ͼ580 nm of light. The activation rate of the pigment formed from all-trans-retinal was almost identical to that of the photoproduct. In addition, the G protein activation ability of the pigment was stable for at least 2 h at 20°C (Fig. 3c Inset). The stability is the same as that of the photoactivated state (Figs. 2b and 3c Inset). Thus, the pigment bound with exogenously added all-trans-retinal is spectroscopically and biochemically identical to the red-shifted photoproduct.
The above results clearly show that AmphiRh recognizes exogenous all-trans-retinal as an agonist and 11-cis-retinal as an antagonist. This property is similar to that of typical GPCRs, which recognize exogenous ligand as an agonist or an antagonist, and unlike that of vertebrate rhodopsin, which cannot bind an exogenous agonist. We then tried to estimate the binding affinity of AmphiRh for agonist or antagonist. Fig. 3d shows the amount of all-trans-retinal binding to opsin in the presence of various concentrations of 11-cis-retinal. The apparent IC 50 value of 11-cis-retinal against all-trans-retinal was 9.9 ϫ 10 Ϫ8 M. Because 5 ϫ 10 Ϫ6 M all-trans-retinal was present in this assay, AmphiRh has an Ϸ50-fold higher affinity for 11-cis-retinal than all-transretinal.
The molecular phylogenetic tree of GPCRs indicates that an ancestral type of GPCR diverged into multiple GPCRs, each of which had specificity to distinct ligands (32) . In this context, rhodopsins would have diverged from the GPCR group into recognizing retinal as a ligand and evolved to photoreceptive proteins by increasing the affinity to an antagonist 11-cis-retinal. Thus, it is of interest to investigate the amino acid residue(s) responsible for the high affinity to 11-cis-retinal. Because it was reported that the ␤-ionone ring moiety of 11-cis-retinal has a crucial role in the regeneration process of opsin and 11-cisretinal (33), we have tried to identify the residues near the ␤-ionone ring region of the chromophore that are responsible for the gain of the binding ability to 11-cis-retinal. Ten amino acid residues are within 4.5 Å of the ␤-ionone ring of the chromophore in the 3D crystal structure of bovine rhodopsin (8) . The amino acid residues of AmphiRh at corresponding positions are Phe-118, Ala-121, Leu-122, Val-207, Val-211, Tyr-212, Phe-261, Trp-265, Tyr-268, and Ala-269. We constructed eight mutants in which each single amino acid residue at these positions was substituted with alanine (2 of the 10 residues are originally alanine) and estimated the amount of mutant opsin binding to all-trans-retinal when equal amounts of all-trans and 11-cisretinals were present in the samples. Under our experimental conditions, only a small amount of WT opsin (2%) bound all-trans-retinal (Figs. 3d and 4a) . In all mutants, except for the Trp-265 mutant, the amount of opsin binding all-trans-retinal was Ͻ10% (Fig. 4d) , indicating that these residues are not significantly responsible for the ability to bind to 11-cis-retinal. On the other hand, mutation of Trp-265 greatly changed the affinity of the opsin. When the W265A opsin was incubated with equal amounts of all-trans and 11-cis-retinals, almost all of the opsin (91%) preferentially bound all-trans-retinal (Fig. 4 c and  d) . This result suggests that Trp-265 is responsible for the high affinity to 11-cis-retinal. To further understand this observation, we constructed mutants in which Trp-265 was substituted with each of the other 19 amino acids (including alanine), and estimated the amount of opsin that binds all-trans-retinal in the presence of the same amount of 11-cis-retinal (Fig. 5) . The presence of bulky amino acid at position 265 clearly increases the affinity to 11-cis-retinal (Fig. 5 Inset) .
Discussion
In the present study, we found that amphioxus rhodopsin, AmphiRh, exhibits binding ability for agonist as typical GPCRs. AmphiRh recognizes exogenous 11-cis and all-trans-retinal as an antagonist and an agonist, respectively, and each binding state can be mutually converted by light. The agonist bound state is stable for Ͼ2 h, indicating that this state is energetically similar to that of the typical GPCR but unlike that of metaII of bovine rhodopsin. It was reported that octopus rhodopsin can bind all-trans-retinal as AmphiRh (34) . However, the stabilities of the G protein activation states differ; the active state of AmphiRh is stable for Ͼ2 h (Figs. 2b and 3c Inset), whereas that of octopus rhodopsin loses its activity within 1 h (24).
Amino Acid Residue Responsible for the Agonist͞Antagonist Binding in AmphiRh.
The agonist all-trans-retinal can bind directly to AmphiRh to form an active protein in the dark, and its affinity is Ϸ 1 ⁄50 of that to the antagonist 11-cis-retinal. To identify the amino acid residue(s) responsible for the high affinity to 11-cis-retinal, we performed mutational analyses and found that among 10 amino acid residues situated near the ␤-ionone ring of the chromophore, Trp-265 is critical for the increased affinity. We then expressed a set of site-directed mutants of Trp-265 and found that affinity for 11-cis-retinal depends on the volume of the amino acid residue at this position. Namely, the larger the volume of amino acid residue, the higher the affinity to 11-cis-retinal becomes (Fig. 5 Inset) . The mutationinduced reduction in affinity for 11-cis-retinal was also observed in bovine rhodopsin, where the rate of regeneration of opsin with 11-cis-retinal was reduced by replacement of Trp-265 with alanine (35) . It was also revealed that Trp-265 is involved in ligand binding of various GPCRs (36 -38). These results suggest that Trp-265 is one of the key residues responsible for the agonist͞antagonist binding in rhodopsins as well as other GPCRs.
The high affinity for antagonist 11-cis-retinal would be preferable for rhodopsin to act as a photoreceptive protein.
The high affinity for the antagonist reduces the possible binding of the agonist all-trans-retinal and reduces spontaneous activation in the dark. Thus, it is reasonable that AmphiRh, a photoreceptive protein in amphioxus, has an affinity for 11-cis-retinal that is 50 times higher than its affinity for all-trans-retinal (Fig. 3d) . This characteristic is emphasized in bovine rhodopsin, which has no affinity for agonist all-transretinal, resulting in complete reduction of dark noise.
Affinity for Agonist All-Trans-Retinal in Various Rhodopsins. As already described, the G protein activating state of bovine rhodopsin, metaII, cannot be generated by incubation of bovine opsin with exogenous all-trans-retinal (11, 12) . This fact implies a relationship between the structure of metaII and the prohibition of binding of all-trans-retinal in the bovine rhodopsin system. The prominent difference between metaII and the active state of AmphiRh is the protonation state of the Schiff base chromophores. Deprotonation of the Schiff base in metaII occurs due to proton transfer from the Schiff base to the Glu-113 counterion during its formation (39) . On the other hand, proton transfer does not occur in the active state of AmphiRh, which has a counterion at position 181 (26) . Proton transfer does not necessarily correlate with the presence of Glu-113, because in lamprey parapinopsin, which belongs to the vertebrate rhodopsin group and has Glu-113, the active state is not a metaII-like unprotonated photoproduct but a protonated state similar to that of the AmphiRh (26, 40) . More importantly, lamprey parapinopsin can form the active state by binding exogenous all-trans-retinal (M. Koyanagi, A.T., and Y.S., unpublished data). Therefore, the ability to bind alltrans-retinal negatively correlates with the formation of the deprotonated active state.
The 3D structure of bovine rhodopsin reveals that there is a hydrogen-bonding network system including Glu-113, Glu-181, and water molecules (8) . Mathies and coworkers (41) recently reported that the hydrogen-bonding network system plays an important role in the formation of a deprotonated active state metaII and the activation process in bovine rhodopsin. It was also speculated that electrostatic interaction between the protonated Schiff base and the counterion in bovine rhodopsin maintain the protein inactive state, while loss of these interactions results in formation of the active state (42) . In fact, our recent experiments demonstrated that the activation efficiency of bovine rhodopsin to G protein is Ϸ50 times higher than that of AmphiRh (26) . The difference in the activation efficiency would depend on the presence or absence of the proton transfer from the Schiff base chromophore in the formation process of active state. All of these results strongly suggest that vertebrate rhodopsin acquired a specific network system after acquiring the Glu-113 counterion in the course of molecular evolution, resulting in efficient activation of G protein and prevention of exogenous all-trans-retinal binding.
The most notable characteristics of AmphiRh are that its inactive and active states can be easily converted by irradiation with light of selected wavelength or by addition of selected retinal isomers. Moreover, these states can be easily discriminated by simply recording absorption spectra. Together with the availability of mutants, AmphiRh would be a new and valuable rhodopsin as a GPCR model. In other words, AmphiRh could be a bridge between the bovine rhodopsin and other GPCRs for (43) . Note that the mutants W265G, R, K, D, Q, and P did not form active proteins.
